Amniote vertebrates possess various mechanisms of sex determination, but their variability is not equally distributed. The large evolutionary stability of sex chromosomes in viviparous mammals and birds was believed to be connected with their endothermy. However, some ectotherm lineages seem to be comparably conserved in sex determination, but previously there was a lack of molecular evidence to confirm this. Here, we document a stability of sex chromosomes in advanced snakes based on the testing of Z-specificity of genes using quantitative PCR (qPCR) across 37 snake species (our qPCR technique is suitable for molecular sexing in potentially all advanced snakes). We discovered that at least part of sex chromosomes is homologous across all families of caenophidian snakes (Acrochordidae, Xenodermatidae, Pareatidae, Viperidae, Homalopsidae, Colubridae, Elapidae and Lamprophiidae). The emergence of differentiated sex chromosomes can be dated back to about 60 Ma and preceded the extensive diversification of advanced snakes, the group with more than 3000 species. The Z-specific genes of caenophidian snakes are (pseudo)autosomal in the members of the snake families Pythonidae, Xenopeltidae, Boidae, Erycidae and Sanziniidae, as well as in outgroups with differentiated sex chromosomes such as monitor lizards, iguanas and chameleons. Along with iguanas, advanced snakes are therefore another example of ectothermic amniotes with a long-term stability of sex chromosomes comparable with endotherms.
Introduction
Despite the crucial importance of sex determination, animal lineages do not have a common standard mechanism for this process and differ in the way that the sex of an individual is decided. Amniotic vertebrates as a whole demonstrate two major sex determination systems: genotypic sex determination (GSD) and environmental sex determination (ESD). In GSD, the sex of an individual is set by its sex-specific genotype (i.e. by a combination of sex chromosomes). In contrast, in ESD, which is present for instance in crocodiles and many turtles, the sex of an individual is set in response to environmental conditions (mainly temperature) during the sensitive period of embryonic development, and there are no sex differences in genotype [1] . Since the transition from ESD (absence of sex chromosomes) to GSD (presence of sex chromosomes) seems to be mostly a one-way process, the evolutionary stability of GSD systems, particularly those with well-differentiated sex chromosomes, has been described as the 'evolutionary trap' [1] [2] [3] . However, for a long time, evolutionary stability of sex chromosomes was only documented by molecular data in endotherms (i.e. in viviparous mammals and birds), which led some authors to conclude that the stability versus non-stability of sex chromosomes corresponds to thermal strategies [4] . Nevertheless, cytogenetic data suggest that significant conservation in sex chromosomes can also be widespread in many lineages of ectothermic amniotes [2, 3] , but molecular data demonstrating the conservation of sex chromosomes comparable with endotherms in both time and taxonomical scale has been presented only recently and to date just for a single group of ectothermic amniotes (in iguanas) [5] .
The aim of our current work is to reconstruct the evolutionary dynamics of sex chromosomes in an important and species-rich lineage of reptiles, the modern snakes (Ophidia: Serpentes). Modern snakes represent an ancient clade of squamates separated from their putative sister group, the lizards of the clades Iguania and Anguimorpha, for approximately 127-172 Ma [6] . So far, more than 3400 extant snake species have been described [7] , colonizing a vast diversity of habitats on all continents with the exception of Antarctica. As far as is known, snakes possess GSD, and female heterogamety has been revealed in many species [8, 9] . However, knowledge of the presence and character of sex chromosomes is not equally distributed across all major snake lineages.
Well-differentiated, usually heteromorphic sex chromosomes or derived systems of multiple sex chromosomes have been described exclusively in members of advanced snakes (Colubroidea [9] [10] [11] ). Molecular evidence for the homology of sex chromosomes based on knowledge of gene linkage to sex chromosomes is available only for four species from two families: Colubridae (Elaphe quadrivirgata, Thamnophis elegans) and Viperidae (Protobothrops flavoviridis, Sistrurus miliarius) [11, 12] . The genetic content of the Z chromosome in these colubroid snakes reveals the strong homology of this chromosome with chromosome 6 of the green anole, Anolis carolinensis (ACA) [11] , the model squamate species for reptile genomics with a fully sequenced and adequately annotated genome [13] .
This evidence suggests that the sex chromosomes were already present in the common ancestor of the families Viperidae and Colubridae, and should thus be ancestral for the families Homalopsidae, Lamprophiidae and Elapidae, phylogenetically nested between viperids and colubrids. However, taking into account the recent evidence for evolutionary turnovers or losses of differentiated sex chromosomes in non-vertebrates [14, 15] and reptiles [16, 17] , as well the fact that cytogenetically similar sex chromosomes may not be homologous [14, 15] , we cannot exclude a turnover of sex chromosomes even in this highly species-rich lineage. Moreover, it is not known whether snake lineages outside this clade also share homologous sex chromosomes. In order to reconstruct the evolutionary history and stability of sex chromosomes in snakes, it is therefore necessary to test the homology of sex chromosomes within this clade and its outgroups. Sex chromosomes have almost never been described in members of the snake lineages outside Colubroidea [9, 11] , with the single putative exception of the Dumeril's boa (Acranthophis dumerili), where a heteromorphic pair of chromosomes was observed in the female karyotype, but the linkage of this polymorphism to sex was not validated [9, 18] . Also, the recent pioneering work by Vicoso et al. [11] applying a modern next-generation sequencing approach was not able to reveal any sex-linked loci in a non-colubroid snake (Boa constrictor). Hence, the presence/absence of sex chromosomes in noncolubroid snakes and their homology to sex chromosomes of advanced snakes remains unproven.
Here, we present a molecular test of the homology of sex chromosomes across all colubroid and many non-colubroid snake families, and in the closest outgroups to snakes. We present data demonstrating significant stability of sex chromosomes in advanced snakes and an estimation of emergence of highly differentiated sex chromosomes within snakes in general.
Material and methods (a) Material
Tissue samples (blood or saliva from living individuals and muscle or tip of tail tissue from museum or other preserved specimens) were collected from at least one male and one female individual of 37 representative snake species (see electronic supplementary material, S1). The studied lineages were selected based on their phylogenetic position (cf. [19] [20] [21] ) and the availability of high-quality tissue samples of both sexes for DNA isolation. In addition, tissue samples were gathered from lizards representing the closest outgroups to snakes: families Dactyloidea (ACA), Chamaeleonidae (Chamaeleo calyptratus, Furcifer oustaleti) and Agamidae (Pogona vitticeps), all from the clade Iguania, and Varanidae (Varanus indicus; Anguimorpha).
(b) Comparison of gene copy numbers between sexes
Partial genetic content of the Z chromosome is known in colubrids and viperids, and is highly syntenic to chromosome 6 (ACA6) of ACA [11, 12] . The W chromosome in these lineages is greatly degenerated and lacks the known Z-linked genes. Therefore, males (ZZ) have twice as many copies of genes linked to the Z-specific part of sex chromosomes than females (ZW), while genes in autosomal or pseudoautosomal regions should have equal copy numbers in both sexes. We designed specific primers for putative snake Z-specific genes and tested their sex linkage using qPCR. This approach provides a reliable comparison of the number of gene copies between sexes [5, 17, [22] [23] [24] . We recently applied it to iguanas, revealing a high conservation of sex chromosomes across most of their families and confirming X-linkage of hundreds of genes in the model species ACA [5, 17] .
Using PRIMER3 software [25] , primer pairs were designed based on the anole genome [13] for the amplification of a 120-200 bp fragment of the single-copy gene elongation factor 1a (eef1a1), one autosomal 'control' gene located on chromosome 3 (mecom) and six putative Z-specific genes located on chromosome 6 (adarb2, itgb1, armc4, sp4, tanc2, immt) of ACA. Genomic DNA was isolated from the available tissue using a Qiagen DNeasy Blood and Tissue kit (Qiagen). The qPCR was carried out in a LightCycler II 480 (Roche Diagnostics) with all samples run in triplicate. The detailed qPCR protocol and the description of the calculation of the relative gene dose between sexes are available in our previous reports [5, 17, 22] . Briefly, the gene dosage of each target gene was calculated from crossing point values and was subsequently normalized to the dose of the single-copy reference gene eef1a1 from the same DNA sample. For this purpose, the target-to-reference gene dosage ratio (R) was calculated by the equation
using default amplification efficiencies (E) of 2. The relative gene dosage ratio (r) between females and males of each species for each target gene was obtained by dividing the gene dosage in a female by the gene dosage in a male of the same species (i.e. r ¼ R female /R male ). A relative gene dosage ratio (r) of 0.5 is expected for Z-specific genes, 1.0 for (pseudo)autosomal genes and potentially 2.0 for X-linked genes.
Results
Z-specificity versus autosomal or pseudoautosomal position was tested by qPCR in a control autosomal gene and six genes linked to ACA6 (homologous to Z in viperids and colubrids [11, 12] ) in every species. Due to the large phylogenetic divergences within snakes, and also between snakes and their tested outgroups, not all primers worked efficiently in qPCR. At least two Z-specific genes were successfully amplified for each species (electronic supplementary material, S3). The results confirmed the previously revealed homology of sex chromosomes in Viperidae and the subfamilies Colubrinae and Natricinae (family Colubridae), as the qPCR proved Z-specificity of the tested genes with homologues linked to rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151992 ACA6. A novel finding is that homologous sex chromosomes are present in members of the subfamily Dipsadinae (Colubridae) and in the families Elapidae, Lamprophiidae (tested in subfamilies Psammophiinae, Lamprophiinae and Pseudoxyrhophiinae) and Homalopsidae, demonstrating a conservation of sex chromosomes in this highly radiated clade of snakes. The tested genes with homologues on ACA6 are also Z-specific in the members of the families Pareatidae, Acrochordidae and Xenodermatidae, with the single exception of the gene tanc2, which seems to be (pseudo)autosomal in Acrochordus granulatus. All tested ACA6 genes showed an exclusively (pseudo)autosomal pattern in the members of the families Pythonidae, Xenopeltidae, Boidae, Erycidae and Sanziniidae. The snake Z-specific genes proved to be autosomal in the dragon lizard (P. vitticeps; Iguania: Acrodonta: Agamidae), having a ZW sex chromosomal system with a highly degenerated W [26] , and in ACA (Iguania: Pleurodonta: Dactyloidae), having an XY sex chromosomal system with a highly degenerated Y [22] . For the first time, we present the evidence that snake sex chromosomes are likely to be non-homologous in two other outgroups as well: in the chameleon, with highly differentiated ZW sex chromosomes and a largely heterochromatic W (F. oustaleti; Iguania: Acrodonta: Chamaeleonidae) [27] , and in the monitor lizard (V. indicus; Anguimorpha: Varanidae). Monitor lizards and their putative sister lineage, the Gila monster [21] , possess a ZW sex chromosomal system with a largely degenerated W [28, 29] . In the case of the homology of snake and the monitor lizard sex chromosomes, a difference in the gene copy number between sexes of the monitor lizard would be expected. On the other hand, the veiled chameleon (C. calyptratus; Iguania: Acrodonta: Chamaeleonidae) is likely to possess poorly differentiated sex chromosomes and therefore a large pseudoautosomal region (own data), and the observed ( pseudo)autosomal pattern in all tested snake Z-linked genes in this species is thus less informative for the comparison of homology between sex chromosomes of advanced snakes and this species.
The phylogenetic distribution (topology follows [19] ) of the character states suggests that the largely differentiated sex chromosomes emerged in the common ancestor of Caenophidia (i.e. the clade comprising the families Acrochordidae, Xenodermatidae, Pareatidae, Viperidae, Homalopsidae, Colubridae, Elapidae and Lamprophiidae), and demonstrates a conservation of sex chromosomes in this highly radiated clade of snakes of more than 3000 species. There was no evidence of Z-linkage of any of the genes in the members of the families Pythonidae, Xenopeltidae, Boidae, Erycidae and Sanziniidae. The results from the snake outgroups suggest that sex chromosomes homologous with the sex chromosomes of advanced snakes were not present in the common ancestor of Toxicofera (the lineage comprising snakes, Iguania and Anguimorpha).
Discussion
We discovered that the highly differentiated sex chromosomes homologous to the sex chromosomes of viperids and colubrids are present not only in all families sharing the last common ancestor with vipers and colubrids (Homalopsidae, Elapidae, Lamprophiidae), but also in the families Pareatidae (Asian snail-eating snakes), Acrochordidae (file snakes) and Xenodermatidae forming the closest outgroup to the viperid-colubrid clade [19, 21] ( figure 1) . In our sampling, we included members from all the families of the enormously diversified group Caenophidia (around 3000 species), and we found that all tested species possessed (at least to some extent) homologous and highly differentiated sex chromosomes. This evidences the notable long-term evolutionary stability of these differentiated sex chromosomes and allows us to conclude that this stage of sex chromosomes was clearly present in the last common ancestor of caenophidian snakes, recently estimated to have lived about 60 Ma [21] .
With the putative exception of the Madagascar Dumerili's boa (A. dumerili), sex chromosomes have not been identified in any snake clade outside Caenophidia [9] . This led to the conclusion that sex chromosomes in snakes outside Caenophidia are only poorly differentiated [11, 12] . In agreement, we found exclusively pseudoautosomal or autosomal patterns for all tested genes in the members of non-caenophidian families: sand boas (Erycidae), true boas (Boidae), pythons (Pythonidae) and sunbeam snakes (Xenopeltidae). Interestingly, pseudoautosomal or autosomal patterns were also revealed in the Madagascar Dumerili's boa, despite heteromorphic sex chromosomes being previously reported in this snake [9, 18] . It is possible that the Z and W sex chromosomes in this species differ in morphology, but not greatly in gene content (see [30] for a similar situation).
An important result of our study is the evidence for the non-homology of sex chromosomes between advanced snakes and their closest outgroup from the lineage Toxicofera, especially for monitor lizards and chameleons with ZZ/ZW sex chromosomes [27, 28] . It seems that snake sex chromosomes evolved only after the divergence of snake and other toxicoferan lineages.
In conclusion, advanced snakes have highly evolutionarily stable sex chromosomes comparable with iguanas, viviparous mammals and birds [5, 31, 32] . This supports the hypothesis of the stability of GSD when compared with ESD ('GSD as an evolutionary trap' hypothesis), although ESD might be ancestral for squamates, and maybe all amniotic vertebrates [1, 2, 3] . The strong evolutionary stability of differentiated sex chromosomes in advanced snakes has important practical and theoretical consequences. For example, the qPCR technique used by us to test the homology of sex chromosomes can also be used as a reliable and relatively cheap method of molecular sexing of species from all caenophidian families. The genes tanc2 and adarb2 would be especially effective as they were successful in most of the tested species of advanced snakes (electronic supplementary material, S2 and S3). We observed that even stored DNA from saliva, which can be sampled non-destructively, can be used for this technique, which has importance for ecological studies in snakes and for animal conservation. From a theoretical point of view, it could be noted that in parallel with birds and mammals [31, 32] , the emergence of differentiated sex chromosomes in snakes came before the remarkable increase in diversification rate. Caenophidian snakes with highly differentiated sex chromosomes include more than 3000 recent species, while there are only around 400 species of non-caenophidian snakes [7] , where sex chromosomes are likely to be only poorly differentiated. Nevertheless, it is important to note that identification of the key evolutionary novelty connected with enlarged diversification of a group is a difficult task, and that other candidate mechanisms such as the colonization of new areas and the evolution of advanced venom-delivery systems were suggested to be responsible for the large diversity of caenophidian and colubroid snakes, respectively [33] . Future research should be carried out to determine to what extent the superradiation of this clade is connected to the so-called 'fast Z', and likewise 'fast X' phenomena (i.e. increased evolutionary rate of the Z-specific and likewise X-specific genes relative to their autosomal or pseudoautosomal homologues; in snakes, documented in [11] ), potentially enabling higher diversification in lineages with differentiated sex chromosomes.
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